Objective: Insulin tolerance test (ITT) is the test of reference for the diagnosis of adult GH deficiency (GHD), although GHRH in combination with arginine (ARG) or GH secretagogues are considered equally reliable tests. Testing with GH secretagogue alone is, anyway, a potent stimulus exploring the integrity of hypothalamic pathways controlling somatotropic function. We therefore aimed to determine the diagnostic reliability of testing with ghrelin, the natural GH secretagogue. Methods: We studied the GH response (every 15 min from K15 to C120 min) to acylated ghrelin (1 mg/kg i.v. at 0 min) in 78 patients with a history of pituitary disease (49 male, 29 female; age (meanGS.D.): 52.1G18.7 years; BMI: 26.7G5.3 kg/m 2 ). The lack of GH response to GHRHCARG and/or ITT was considered the gold standard for the diagnosis of GHD. The best GH cut-off to ghrelin test, defined as the one with the best sensitivity (SE) and specificity (SP), was identified using the receiver-operating characteristic curve analysis. Results: The best GH cut-off to ghrelin test was 7.3 mg/l in lean subjects (SE 88.2%, SP 90.9%), 2.9 mg/l in overweight subjects (SE 92.6%, SP 100%) and 0.6 mg/l in obese subjects (SE 50%, SP 100%). The diagnostic accuracy was 89.3, 94.1 and 62.5% respectively. Conclusions: Our data show that testing with acylated ghrelin represents a reliable diagnostic tool for the diagnosis of adult GHD, in lean and overweight subjects, if appropriate cut-off limits are assumed. Obesity strongly reduces GH response to ghrelin, GH weight-related cut-off limit and diagnostic reliability of the test.
Introduction
Insulin tolerance test (ITT) is the test of reference for the diagnosis of adult GH deficiency (GHD). At the same time, GHRH in combination with arginine (ARG) or GH secretagogues (GHS) are recognized as equally reliable tests (1, 2, 3) , and glucagon stimulation is considered to be of good diagnostic value (1, 2, 3) . Advantages related to ITT are the possibility to evaluate the complete hypothalamic-pituitary-somatotropic axis (which makes the test useful in patients with both hypothalamic and pituitary diseases) and, concomitantly, explore the adrenocorticotrophin axis, through the induction of hypoglycemia. At the same time, the induced hypoglycemia contraindicates the test in patients with coronary or cerebrovascular disease, a history of ischaemic heart disease or any convulsive disease, and deserves particular attention for the elderly (4) . Another limitation related to the test is the need for multiple blood samples, which requires close monitoring of patients for some hours in a specialized investigation unit. Finally, historically, it was reported that ITT has low reproducibility (5, 6, 7) since false positives (low GH response) are recorded even in normal subjects (NS); however, a recent paper did not confirm the low reproducibility of ITT (8) .
On the other hand, GHRHCARG and GHRHCGHRP-6 tests are safe, well tolerated, reproducible and present well-defined cut-off limits and normative BMI-based reference values for maximal somatotropic secretory capacity, which allow the distinction between normal and GHD subjects (9, 10) . A major limitation of these tests, based on the administration of GHRH, is the risk of missing the diagnosis of GHD of hypothalamic origin (2, 11, 12, 13, 14) .
It has been suggested that, as for ITT, testing with GHS alone would represent a potent stimulus that is able to explore also the integrity of hypothalamic pathways controlling somatotropic function (1) . GHS are synthetic secretagogues (15) that elicit a dosedependent GH release by binding to a specific receptor, mostly distributed at the hypothalamic level, whose natural ligand is ghrelin (16) . Ghrelin is a 28-amino acid peptide circulating both in acylated and unacylated form, the former being a potent stimulator of somatotropic secretion (16, 17) , in humans more so than in animals (16, 18) . Ghrelin exerts a strong and dosedependent GH-releasing effect (19) that potentially includes activity at the pituitary and/or hypothalamus. The effect of ghrelin in vivo is stronger than in vitro (19) , and it is dependent on the presence of GHRH (18, 19, 20, 21) . Moreover, ghrelin shows an additive or even synergistic effect on GHRH-stimulated GH release (18) and prevents cyclic refractoriness to GHRH (19) . In addition, ghrelin-mediated GH secretion is reduced, although not completely abolished, in animals and patients with lesions of the pituitary stalk, suggesting that the main action of ghrelin occurs at the hypothalamic level (20, 21) .
Ghrelin and synthetic GHS induce remarkable GH discharge in elderly subjects, although age is associated with a significant decrease in the GH-releasing action of ghrelin and synthetic GH (22) .
Testing with acylated ghrelin, as well as with GHS alone, has been proposed for the diagnosis of GH insufficiency (23, 24, 25) .
In order to define the diagnostic value of testing with ghrelin alone, we studied the GH response to acylated ghrelin in patients with a history of pituitary disease. The lack of GH response to GHRHCARG and/or ITT was considered as the diagnostic gold standard. We also tried to identify the best GH cut-off to ghrelin test, defined as the one with the best sensitivity (SE) and specificity (SP).
Materials and methods
We studied the GH response (every 15 min from K15 to C120 min) to acylated ghrelin (1 mg/kg i.v. at 0 min) in 78 patients with a history of pituitary disease (49 male, 29 female; age (meanGS.D.): 52.1G18.7 years; BMI: 26.7G5.3 kg/m 2 ). The patients' clinical characteristics are reported in Table 1 .
All patients were also tested with GHRH (1 mg/kg i.v. at 0 min)CARG (0.5 g/kg injected i.v. from 0 to C30 min) (sampling every 15 min from C30 to C60 min); 25 patients (16 male, nine female; age: 37.1G14.7 years; BMI: 26.1G5.9 kg/m 2 ) also underwent ITT (0.1-0.15 UI/kg regular insulin injected i.v. at 0 min) (sampling every 15 min from 0 to C90 min).
GH responses to these stimuli in the 78 patients were compared with those recorded in an age-matched group of 39 NS (25 male, 14 female; age: 41.4G23.1 years; BMI: 23.9G4.2 kg/m 2 ). IGF1 and IGBP3 levels were measured and glucose levels recorded during the ITT in all patients and NS. All subjects underwent the three testing sessions in random order and at least 3 days apart. All subjects gave their informed consent to participate in the study, approved by an independent ethical committee.
Serum GH levels (mg/l) were measured in duplicate by the IRMA method (hGH-CTK IRMA; DIASORIN Biomedica, Saluggia, Italy) as reported previously (9) . The SE of the assay was 0.04 mg/l. The inter-and intraassay coefficients of variation (CV) were 8.6-12.3 and 4.2-6.2% respectively.
Serum IGF1 levels (mg/l) were measured in duplicate by the RIA method (DIAsource ImmunoAssays, Nivelles, Belgium) after acid-ethanol extraction to avoid interference by binding proteins. The SE of the method was 0.3 mg/l. The inter-and intra-assay CV were 10-12.6 and 3.8-13.9% respectively.
Serum IGFBP3 levels (mg/ml) were measured in duplicate by the IRMA method (Immunodiagnostic System, Boldon, UK). The SE of the assay was 0.05 mg/ml. The inter-and intra-assay CV were 6.3-12.4 and 4.85-9.65% respectively.
Plasma glucose levels (mg/dl) were measured by the gluco-oxidase colorimetric method (GLUCOFIX; Menarini Diagnostici, Florence, Italy).
All samples from an individual subject were analysed together.
The results are expressed as meanGS.D. Statistical analysis was performed using the Friedman ANOVA and Kendall's concordance test and Wilcoxon matchedpairs test in order to compare multiple and two dependent samples respectively. Kruskal-Wallis ANOVA and Mann-Whitney U test were applied to compare multiple and independent samples respectively. The correlation between variables was sought to calculate the Spearman coefficient.
We tried to identify the best GH cut-off to ghrelin test for the diagnosis of GHD using the receiver-operating characteristic curve (ROC) analysis. These curves were drawn by plotting the SE against the complement of SP (1-SP) for varying cut-off levels of ghrelin-mediated GH peaks. Each point of the ROC curves represents a SE/SP pair corresponding to a particular decision threshold. The area under the ROC curve (ROC AUC) represents the probability of correctly distinguishing between the affected and non-affected individuals. The perfect diagnostic test has a ROC curve that passes through the upper left-hand corner (AUCZ1), being the true-positive fraction 1.0 or 100% (perfect SE) and the false-positive fraction 0 (perfect SP). Tests with an AUC under 0.5 do not discriminate between the affected and non-affected subjects (26) . The best cut-off in a ROC curve is the closest point to that with the theoretical maximum of both SE and SP (i.e. the point where the curves of SE and SP as a function of the cut-off intersect). The diagnostic cut-off points were calculated for the lean (BMI !25 kg/m 2 ), overweight (BMI 25-29.9 kg/m 2 ) and obese (BMI R30 kg/m 2 ) groups.
The lack of GH response to GHRHCARG and/or ITT was assumed as the gold standard for the diagnosis of GHD. Thus, according to GHD diagnosis guidelines (1, 2, 3), GHD was defined by GHRHCARG using the BMI cut-offs (i.e. GH peak %11.0 mg/l in lean subjects, %8.0 mg/l in overweight subjects and %4.0 mg/l in obese subjects) and/or by ITT using a GH peak %3.0 mg/l. SE and SP were calculated using the number of patients with true-positive (TP), true-negative (TN), false-positive (FP) and false-negative (FN) results. SE (calculated as TP/(TPCFN)) was defined as the percentage of GHD patients who had a peak GH value below the specific BMI-related cut-off point; SP (calculated as TN/(TNCFP)) was defined as the percentage of non-GHD patients who had a peak GH value above the specific BMI-related cut-off point.
The positive predictive value (PPV) (calculated as TP/(TPCFP)) was defined as the percentage of patients with a peak GH value below the specific BMI-related cut-off point that was really GHD, while the negative predictive value (NPV) (calculated as TN/(TNCFN)) was defined as the percentage of patients with a peak GH value above the specific BMI-related cut-off point that was not really GHD.
The positive likelihood ratio (LHRC) (calculated as SE/(100KSP)) was defined as the probability of a person who has the disease testing positive divided by the probability of a person who does not have the disease testing positive.
The negative likelihood ratio (LHRK) (calculated as (100KSE)/SP) was defined as the probability of a person who has the disease testing negative divided by the probability of a person who does not have the disease testing negative.
A LHRC O1 indicates that a positive result to the test is associated with the disease. A LHRK !1 indicates that a negative result to the test is associated with the absence of the disease. Tests where the likelihood ratios lie close to 1 have little practical significance, as the post-test probability (odds) is little different from the pretest probability and, as such, is used primarily for diagnostic purposes and not for screening purposes. If the LHRC is O5 or the LHRK is !0.2 (i.e. 1/5), then they can be applied to the pre-test probability of a patient having the disease tested for to estimate a posttest probability of the disease state existing (27) .
The accuracy of the test was defined as the probability of a person who has the disease and of a person who does not have the disease testing positive and negative, respectively, and calculated as (VPCVN)/total.
Results
Based on the GH response to GHRHCARG and/or ITT, patients were distinguished into patients with GHD (GHD: 56; 39 male, 17 female) and without GHD (non-GHD: 22; ten male, 12 female). The two groups did not differ for age and BMI (age GHD vs non-GHD: 51.9 G17.9 vs 52.6G16.1 years; BMI GHD vs non-GHD: 27.3G4.5 vs 24.6G5.6 kg/m 2 ). Mean age and BMI in NS (age: 41.4G23.1 years; BMI: 22.5G2.1 kg/m 2 ) were similar to those in GHD and non-GHD.
IGF1 levels in GHD were lower than those in non-GHD when expressed both as mean and SDS levels (91.5G52.6 vs 201.2G54.7 mg/l, P!0.05; K1.0 G0.8 vs 0.6G1.2, P!0.05); these groups showed a clear overlap (IGF1 range in GHD vs non-GHD: 27-331 vs 108-340 mg/l). It should be noted that IGF1 levels in both groups also showed some overlap with IGF1 levels in NS (IGF1 range in NS: 115-357 mg/l).
IGFBP3 levels in GHD (2.1G1.1 mg/ml) were similar to those in non-GHD (2.8G1.1 mg/ml) with a full overlap between the two groups (IGFBP3 range in GHD: 4.4-0.5 mg/ml vs IGFBP3 range in non-GHD: 6.1-1.8 mg/ml) and NS (IGFBP3 range in NS: 4.3-2 mg/ml).
The GH response to ghrelin in NS (69.2G37.8 mg/l) was similar to that during GHRHCARG (63.1 G38.2 mg/l) and both were higher than that during the ITT (25.0G20.0 mg/l, P!0.05) (Fig. 1) .
As with NS, the GH response to ghrelin in non-GHD (23.9G21.3 mg/l) was similar to that during GHRHC ARG (29.7G18.7 mg/l) and both were higher than that during the ITT (14.1G12.7 mg/l, P!0.05) (Fig. 1) .
The GH response to ghrelin in GHD (4.0G3.7 mg/l) was lower than that during GHRHCARG (5.1 G4.1 mg/l, P!0.05) but higher than that elicited by ITT (1.4G1.6 mg/l, P!0.05); obviously, the GH response during GHRHCARG was higher than that during the ITT (P!0.05) (Fig. 1) .
The mean GH response to GHRHCARG in GHD was lower than that recorded in non-GHD (3.4G3.1 vs 24.8G15.4 mg/l, P!0.05), and both were lower than that in NS (63.1G38.2 mg/l, P!0.05) (Fig. 1) .
Similarly, the mean GH response to ITT in GHD was lower than in non-GHD (1.1G1.2 vs 14.1G12.7 mg/l, P!0.05), and both were lower than that elicited in NS (25.0G20.0 mg/l, P!0.05) (Fig. 1 ). It should be noted that there was no difference between glucose nadir during the ITT in GHD, non-GHD and NS (blood glucose levels: 27.2G10.2 vs 27.0G15.7 vs 23.9 G10.4 mg/dl respectively).
Similarly, the mean GH response to ghrelin in GHD was lower than that in non-GHD (2.5G4.1 vs 23.9 G21.3 mg/l, P!0.05), and both were lower than that recorded in NS (69.2G37.8 mg/l, P!0.05) (Fig. 1) . The GH response to ghrelin was negatively associated with BMI at least in NS (rZK0.4, P!0.05) and in non-GHD (rZK0.5, P!0.05).
The individual peak GH response to ghrelin occurred in all subjects between C15 and C45 min with a curve Cmax at C30 min in GHD and non-GHD similar to NS (Fig. 2) .
The best GH cut-offs to ghrelin test were: i) 7.3 mg/l in lean subjects with a SE and SP value of 88.2 and 90.9% respectively; ii) 2.9 mg/l in overweight subjects with a SE and SP value of 92.6 and 100% respectively; and iii) 0.6 mg/l in obese subjects with a SE and SP value of 50 and 100% respectively (Fig. 3) .
The PPV, NPV, ROC AUC, LHRC, LHRK and the diagnostic accuracy of ghrelin test of these cut-off limits are reported in Table 2 . Thus, in the case of a positive result to ghrelin test, the prediction of GHD was good in lean and overweight subjects (LHRC 9.7 and 6.5 respectively), but poor in the obese (LHRC 2). Likewise, in the case of a negative result, the prediction of the absence of the disease was good in lean and overweight subjects (LHRK 0.1 in both groups), but insufficient in the obese (LHRK 0.67).
Side effects
Administration of ghrelin did not cause any relevant side effect except for face flushing observed in 12 patients and five NS. A similar effect was observed in 23 patients and 12 NS after GHRH administration. As expected, all subjects developed typical signs and symptoms of hypoglycemia during the ITT.
Discussion
Our results, based on a considerable group of patients with a history of hypothalamic-pituitary disease, indicate that acylated ghrelin represents a reliable provocative test, alternative to ITT or GHRHCARG, for the diagnosis of severe GHD in adults.
Indeed, our data specifically show that: a) ghrelin is basically as potent as the GHRHCARG test in NS but also in non-GHD and GHD; similar to GHRHCARG, ghrelin alone is a more powerful GH secretagogue than ITT in all groups; b) as expected, as with the other tests, the mean GH response to ghrelin progressively decreases from NS to GHD. GH response to ghrelin is negatively associated with BMI, at least in NS and non-GHD; c) as demonstrated by the ROC curve, when BMIadjusted cut-off limits are applied, ghrelin test presents a good SE and SP, being able to recognize 82.1% of the patients with severe GHD and 95.5% of patients without GHD; and d) obesity strongly reduces GH response to ghrelin, its weight-related cut-off limit and its diagnostic reliability.
Previous studies have clearly demonstrated that ghrelin is a potent natural GH secretagogue (16, 18, 19, 20, 21, 25) , and that its acute administration induces a strong GH release, similar to that recorded after stimulation with GHRH in combination with ARG, and higher than that provoked by insulin-induced hypoglycemia (25) . The present study confirms that ghrelin's effect is equal to GHRHCARG and stronger than ITT both in non-GHD and GHD. The strong GH-releasing effect of ghrelin, as well as of several synthetic GHS, has been explained by the dual action exerted mostly at the hypothalamic level, but also on the pituitary (19, 20, 21) . Indeed, ghrelin seems to be able to trigger hypothalamic GHRH activity, and activate GHS receptor in the pituitary, counteracting somatostatin's inhibitory action (28) .
As expected and as with the other tests, GH response to ghrelin is strongly reduced in GHD, in agreement with previous studies with ghrelin or GHRP-2 (23, 25) . In our experience, in GHD, GH response to ghrelin is more impaired than the response to GHRHCARG, at variance with that reported by Aimaretti et al. (25) who, however, did not use weight-related cut-offs for the GHRHCARG test.
Moreover, we showed that the mean GH response to different stimuli is lower in patients with a history of hypothalamic-pituitary disease but, otherwise, GH sufficient in comparison with NS. To explain this difference some hypothalamic-pituitary alterations reflecting previous neurosurgery and/or radiotherapy can be hypothesized. Moreover, this picture has also been reported by other authors (8, 29) even in patients with non-functioning microadenomas never exposed to either previous neurosurgery and/or radiotherapy (29) . It is a matter of debate whether this group of patients can be classified as having 'partial' GHD. It remains that the clinical diagnosis has to be done on an individual basis and patients showing a GH response within the normal limits have to be considered as normal; an appropriate follow-up over time would be recommended in these cases.
Our study also clearly demonstrates a negative association between GH response to ghrelin and BMI. The negative influence of adiposity on spontaneous and stimulated GH secretion had already been clearly demonstrated many years ago (30, 31, 32, 33, 34, 35) . Impaired GH secretion in obesity could be due to neuroendocrine (endogenous GHRH hypoactivity and/or somatostatinergic hyperactivity) or metabolic alterations (chronically elevated FFA levels, hyperinsulinism) (30, 31, 32, 33, 34, 35) . Independently from the pathophysiological explanation of GH insufficiency in obesity, the clear, progressive reduction of GH response to any provocative tests, including ghrelin, has clinical implications when these stimuli are used to prove GHD (34) . Cut-off ≤ 2.9 µg/l SE=92.6% SP=100%
Cut-off ≤ 0.6 µg/l SE=50% SP=100% Figure 3 ROC analysis to identify the best GH cut-off to ghrelin test in lean, overweight and obese patients (SE, sensitivity; SP, specificity). The primary aim of the study was to determine whether testing with acylated ghrelin (the only form of ghrelin that is able to stimulate somatotropic secretion (36)) alone represents a reliable alternative provocative stimulus for the diagnosis of adult GHD. In theory, the availability of such a potent test, active both at the hypothalamic and pituitary levels, would be advantageous over a provocative stimulus like GHRHCARG that is extremely potent, shows excellent SP, but mainly acts at the pituitary level and, for this reason, is associated with the risk of FN response in patients with GHD due to hypothalamic derangement (2, 11, 12, 13, 14) . Except for our study, no normative data about GH response to acylated ghrelin have been reported.
As demonstrated by the ROC curve, the proposed cutoff limits of reference for ghrelin test are characterized by a good SE and SP, at least in lean and overweight patients, being able to identify 46 out of 56 (82.1%) patients with severe GHD and 21 out of 22 (95.5%) patients without GHD.
The usefulness of the ghrelin test in lean and overweight subjects is also supported by the good LHRC (O5) and LHRK (!0.2) of the identified cutoffs (27) . It should be noted that the ROC AUC is close to 1, suggesting the excellent informativity of the test.
Our data strongly suggest ghrelin test to be a reliable tool for the diagnosis of adult GHD, and can be used alternatively to ITT and GHRHCARG, which have been used herein (1, 2, 3) . However, attention has to be paid to the confounding effect of overweight and obesity on the interpretation of GH response to this provocative test. As previously mentioned, obesity impairs GH response to any provocative test (30, 31, 32, 33, 34, 35) , including ghrelin (37) . Consequently, appropriate BMI-dependent cut-offs are mandatory, in order to avoid FP diagnosis of severe GHD in obese adults. It should also be noted that whenever normative data for a provocative test are generated including obese among NS, the risk of FN diagnosis in lean GHD patients would be considerable.
Actually, the impact of obesity on GH response to ghrelin seems to be particularly critical. Indeed, the cutoff limits in obese subjects were so low that diagnostic SE of the ghrelin test was considerably impaired, compared with lean and overweight subjects. Moreover, it must be underlined that there was a good diagnostic accuracy of the cut-off to ghrelin test in lean (89.3%) and overweight (94.1%) subjects, while the cut-off in obese subjects showed a poor diagnostic accuracy (62.5%). Thus, ghrelin test is unlikely to be the first choice as a diagnostic tool in obese patients suspected for GHD; in these patients, ITT and GHRHCARG remains the preferable ones.
At the same time, ghrelin test shows a very good safety profile and has no contraindications, at variance with ITT that is contraindicated in patients with coronary or cerebrovascular disease, a history of ischaemic heart disease or any convulsive disease, and deserves particular attention for the elderly (1, 2, 3 ). Moreover, because the peak GH response invariably occurred between 15 and 45 min after ghrelin administration in all studied subjects, it would probably be possible to shorten the testing procedure, leaving only three samples performed at C15, 30 and 45 min.
We did not assess the intra-individual reproducibility of GH response to ghrelin. However, a previous study performed in young healthy volunteers demonstrated a good intra-individual reproducibility (18) .
In conclusion, our study shows that acylated ghrelin is a reliable test for the diagnosis of adult GHD, at least in lean and overweight subjects, provided that appropriate cut-off limits are assumed. Indeed, obesity strongly reduces GH response to ghrelin, its weight-related cut-off limit and its diagnostic reliability.
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